The cancer stem cell hypothesis may explain why conventional chemotherapies are unable to fully eradicate cancers. In this study, we examined both the prognostic and predictive significance of putative cancer stem cell markers in colorectal cancer. In this study, immunohistochemistry for three candidate cancer stem cell markers (CD133, Oct-4 and Sox-2) and for six other postulated prognostic markers (CK7, CK20, Cox-2, Ki-67, p27 and p53) were performed using tissue microarrays containing 501 primary colorectal cancer cases. Receiveroperating characteristic analysis was used to determine cut-off scores for positive protein expression. Multivariate analysis revealed that positive expression for CD133 and Oct-4 was associated with significantly worse survival in patients treated by surgery alone (P ¼ 0.023 and Po0.001, respectively) and in patients treated with 5-fluorouracil-based chemotherapy (P ¼ 0.001 and P ¼ 0.021, respectively). Stage III patients with negative CD133 expression showed an apparent survival benefit from 5-fluorouracil treatment (P ¼ 0.002), but not those with positive CD133 expression. Positive expression of CD133 was also associated with poorer clinical response to chemotherapy in stage IV patients (P ¼ 0.006). In summary, the putative cancer stem cell markers CD133 and Oct-4 showed strong prognostic significance in colorectal cancer. Our results show for the first time that CD133 þ colorectal tumors are more resistant to 5-fluorouracil-based chemotherapy.
Colorectal cancer is one of the leading causes of cancer-related deaths in developed societies. Besides surgical procedures, adjuvant chemotherapy is often administered to improve survival, especially in advanced stages of the disease. In spite of the availability of new chemotherapeutic drugs, none of these treatments is fully curative, leading to a high failure rate and relatively short survival. This has raised questions regarding whether current treatments target the appropriate molecular mechanisms or tumor cell populations that are responsible for the growth and survival of these cells. 1, 2 The past few years have observed an accumulation of experimental evidence in support of the hypothesis that stem cells have a major role in cancer progression. These so called cancer stem cells have self-renewing abilities and are thought to drive tumor growth. 3 The cancer stem cells concept may explain the failure of current adjuvant therapies to completely eradicate metastatic colorectal cancer. This is because conventional cytotoxic chemotherapeutic agents target actively proliferating tumor cells, thus allowing the more slowly proliferating cancer stem cells subpopulation to escape death. 4 As normal stem cells have multidrug resistance properties, it is conceivable that cancer stem cells may also possess similar drug resistance features. increasingly being recognized as a necessary target for the effective treatment of cancers. 4 One of the better studied cancer stem cells markers that has been implicated in several solid tumor types including colorectal cancer is CD133. [5] [6] [7] This surface protein was reported to show a characteristic expression pattern with localization to the luminal surface of the colonic gland. [7] [8] [9] Another distinctive feature of CD133 positive cells was simultaneous loss of expression of CK20, a marker of epithelial cell differentiation. 7, 8 More importantly, CD133 expression has been linked to in vitro chemoresistance. CD133 positive hepatocellular carcinoma and glioblastoma cell lines show increased expression of BCRP1, a putative drug resistance protein. 10, 11 The phosphorylation of Akt and subsequent accumulation of anti-apoptotic signals in Akt/PKB survival pathways have also been suggested to contribute to the chemoresistance of CD133 positive tumor cells. 12 Maintenance of CD133 stem cell-like properties was recently shown to be regulated by a homeobox protein, Oct-4. 13 Oct-4 has a functional role in reprogramming adult neural stem cells into pluripotent stem cells.
14 In addition, Sox-2, a transcription factor involved in regulating Oct-4 expression during the maintenance of pluripotency in embryonic stem cells, has also been shown to act synergistically with Oct-4 to promote the survival of cancer cells. 14 The primary aim of this study was to evaluate the prognostic and predictive significance of CD133, Oct-4 and Sox-2 expression in a well-characterized cohort of 501 primary colorectal cancer cases. Although independent prognostic significance of CD133 expression in colorectal cancer was recently reported, 8 the associations of Oct-4 and Sox-2 with patient survival are currently unknown. Moreover, despite encouraging results from in vitro studies, 15 the predictive significance of CD133 expression for response to chemotherapy in a clinical setting has so far not been reported. Therefore, in this study, we analyzed both the prognostic and predictive significance of three candidate cancer stem cells markers in colorectal cancer and compared these against a panel of six commonly studied protein expression markers in colorectal cancer (CK7, CK20, Cox-2, Ki-67, p27 and p53).
Materials and methods

Clinicopathological Data
The study cohort consisted of 501 consecutive colorectal cancer cases treated by surgical resection at the National University Hospital of Singapore between 1990 and 1999 inclusive. The available clinicopathological information included gender, age, tumor size, tumor stage, histological grade, vascular invasion, perineural invasion, lymphatic invasion and cancer-specific survival time. Clinicopathological data were documented at the initial diagnosis and during subsequent follow-up. Staging was based on pathological findings according to the American Joint Committee on Cancer classification. 16 This work was approved by the ethics committee of the National University of Singapore (DSRB Domain B/09/284).
Treatment Schedule and Assessment of Response
Cases treated with chemotherapy underwent intravenous injection with 5-fluorouracil using the Mayo regimen. One complete cycle of treatment involved dosage administration ranging from 500 to 900 mg/ m 2 /day for 3 to 5 consecutive days. Each cycle was repeated monthly for 6 months or until progression of disease, patient refusal or adverse reactions to the treatment. Tumor response to treatment was classified according to the standard World Health Organization response criteria. 17 
Tissue Microarrays
Tissue microarray blocks containing cores from 501 consecutive, primary colorectal cancer cases were constructed as described earlier. 18, 19 Briefly, a needle with 0.6-mm diameter was used to punch a donor core from morphologically representative areas of a donor tissue block. The core was subsequently inserted into a recipient paraffin block using an ATA-100 tissue arrayer (Chemicon, USA). Three cores were taken from the center of tumor tissue and a single core was taken from histologically normal colon epithelium of matched cases. Consecutive tissue microarray sections of 4-mm thickness were cut and placed on slides for immunohistochemical analyses.
Immunohistochemical Procedures
All nine protein markers were assessed immunohistochemically using commercially available antibodies. Antigen retrieval was carried out with 10 mM citrate buffer (pH 6.0) in a MicroMED TT Microwave Processor (Milestone, Sorisole, Italy) for 5 min at 120 1C. Slides were then incubated with the primary antibody for 12 h at the dilutions indicated in Supplementary Table S1 . Immunostaining was performed using the streptavidin-biotin kit (LSAB2, Dako, Norway) in accordance with the manufacturer's specifications and the slides were then counterstained with hematoxylin. Various human tissues or cell lines embedded in paraffin with known expression for the markers were used as positive controls. Paraffin-embedded CaCo2 cells were positive control for CD133 8 and Sox-2. 20 For Oct-4, human germinoma tissues were used as positive control. 21 Negative controls consisted of the omission of primary antibody without any other changes to subsequent procedures.
Scoring for Protein Expression
Scoring for all nine proteins was performed using an automated imaging and scoring platform (Ariol SL-50, Applied Imaging, San-Jose, CA, USA). We have reported a high level of concordance (kappa value 40.9) between objective (automated) and subjective (manual human-observed) scoring methods for immunohistochemistry in a technical journal. 22 The cut-off scores for determining positive expression for each protein were determined by receiver-operating characteristic curve analysis as outlined previously. 23 Briefly, receiver-operating characteristic curves were constructed by plotting all possible sensitivity and specificity pairs. This allows selection of a threshold value that corresponds to maximum sensitivity with minimal loss of specificity. For receiver-operating characteristic analysis, scores above the cut-off were considered positive for protein expression and scores below as negative. Receiver-operating characteristic analysis also allows the identification of markers that possess discriminatory value for the determination of prognostic significance through the area under the receiver-operating characteristic curve values. Similar to the previous study, 22 the clinicopathological features were dichotomized on the basis of having or not having the clinical outcome. The parameters examined include gender (female vs male), age (Z60 vs o60 years), ethnicity (Chinese vs non-Chinese), histology grade (poor vs well-moderate), staging (III-IV vs I-II), tumor site (colon vs rectal), tumor size (Z5 vs o5 cm), lymphatic invasion (yes vs no), perineural invasion (yes vs no), vascular invasion (yes vs no) and survival (death from colorectal cancer vs lost to follow-up, alive and death from other causes).
Statistical Analysis
Univariate Cox proportional hazards regression was performed to determine the prognostic value of various clinicopathological features and protein markers. To test for independence, the significant factors identified in univariate analyses were entered into a multivariate Cox regression model using a stepwise selection procedure. Survival curves were plotted using the Kaplan-Meier method and compared using the log-rank test. All statistical analyses were performed using the SPSS package (version 15.0 for Windows, SPSS, USA) with significance set at the 5% level.
Results
Protein Expression of Markers
Representative immunohistochemical stains for the three cancer stem cells proteins investigated in this study are shown in Figure 1 . CD133 expression was localized to the glandular-luminal surface of tumor epithelial cells. Similar to previous study, 8 the intraglandular debris of shed tumor cells also showed CD133 staining. CD133 expression in the normal colonic mucosa was absent in the majority of cases or was very mild and focal in intensity in the remainder. For both Oct-4 and Sox-2 expression, diffuse staining expression was observed in the cytoplasmic compartment of tumor epithelium. Similar staining patterns of Oct-4 and Sox-2 in rectal carcinomas have been recently reported. 20 Mild cytoplasmic staining was observed in the normal colonic epithelium of a minority of the samples.
The selection of cut-off scores for defining positive protein expression was based on receiveroperating characteristic curve analysis against 5-year survival. The frequency of positive expression for each marker is shown in Table 1 . Using values derived from the area under the receiveroperating characteristic curve, markers with area under the receiver-operating characteristic curve values above 0.5 indicate significant discriminatory power for survival. The three cancer stem cells markers CD133, Oct-4 and Sox-2 were all identified as having discriminatory power (area under the receiver-operating characteristic curve value 40.5). A total of 27%, 39% and 48% of patients were classified as showing positive expression for CD133, Oct-4 and Sox-2, respectively. Among the six other commonly studied protein markers in colorectal cancer, only p27 expression was identified as having significant discriminatory power for survival.
Correlations between the expressions of each marker are shown in Supplementary Table S2 . Similar to previous reports, 7,8 a strong inverse correlation was found between the expression of CD133 and CK20 (Kendall's ranking coefficient ¼ À0.68, Po0.001). The expression of CD133 and Oct-4 were both positively associated with expression of the third cancer stem cells marker, Sox-2 (Kendall's ranking coefficient of 0.24 and 0.31, respectively).
Associations between clinicopathological features and expression of the three cancer stem cells markers are shown in Supplementary Table S3 . The expression of all three cancer stem cells markers showed significant associations with higher tumor stage (Po0.05), but not with any of the other clinicopathological features. Table 2 shows the results of univariate analysis for the prognostic significance of clinicopathological features and protein expression in patients treated by surgery alone (n ¼ 310) or with 5-fluorouracilbased adjuvant chemotherapy (n ¼ 191). As expected, older patient age, poor histological grade, higher tumor stage and the presence of lymphatic, perineural and vascular invasion were all associated with worse survival in patients treated by surgery alone. CD133, Oct-4 and Sox-2 expression were also strongly associated with poor prognosis in patients treated by surgery alone, whereas p27 expression was a marker of good prognosis. All three cancer stem cells markers were also prognostic for worse survival in the subgroup of patients treated with chemotherapy.
Prognostic Significance of Protein Expression
The significant parameters identified from univariate analysis were tested for independent prognostic value in a multivariate Cox regression analysis model. Patient age, tumor stage, vascular invasion and the expression of CD133, Oct-4 and p27 were all found to be independent prognostic factors in patients treated by surgery alone (Table 3) . For patients treated with chemotherapy, only tumor stage and the expression of CD133 and Oct-4 were independent factors for survival.
The survival of patient subgroups classified according to the expression of protein markers was evaluated using Kaplan-Meier analysis. Patients treated by surgery alone and with CD133 þ /Oct-4 þ /p27-tumors showed a mean survival of just 15 months compared with 50 months for those with CD133-/Oct-4-/p27 þ tumors (Po0.001).
Predictive Significance of Protein Expression
Kaplan-Meier analysis was used to compare the survival rates of stage III patients treated with or without chemotherapy and classified according to the expression of cancer stem cells proteins (Figure 2 ). 5-fluorouracil-based chemotherapy conferred an apparent survival benefit to patients regardless of their expression status for Oct-4 or Bold entries indicate markers that possess discriminatory value for the determination of prognostic significance.
Sox-2 (Figures 2c-f ). Although patients with CD133-tumors gained significant benefit from chemotherapy (Figure 2a ), no survival benefit was observed for patients with CD133 þ tumors ( Figure  2b ), suggesting that CD133 expression is a predictive marker for survival benefit from 5-fluorouracilbased adjuvant chemotherapy.
Clinical data for response to chemotherapy were available for 44 stage IV patients. Using standardized criteria, half of these patients (n ¼ 
Discussion
Recent reports have suggested the existence of a cancer stem cells compartment that can self-renew and differentiate into mature and diverse cancer cells capable of tumor initiation, growth, invasion and metastasis. 3, 24 As cancer stem cells divide very slowly, it is believed they may be resistant to most of the current chemotherapies that target differentiated or highly proliferating tumor cells. 4 The results from several in vitro studies on various cancer cell lines support this concept, 11, 12, 15, 25 although to date there has not been any evidence from clinical studies. In this work, we provide the first evidence that expression of the cancer stem cells marker CD133 is associated not only with poor prognosis in colorectal cancer, but also with a poor response of these tumors to 5-fluorouracil-based chemotherapy.
Three studies have isolated tumor initiating cell populations from colorectal cancer that express the surface marker CD133 and possess apparent 'stem cell-like' properties. 6, 7, 26 Similar to previous reports in colorectal cancer, 5, 7, 8 CD133 expression in this study was found to correlate inversely with expression of the intestinal epithelial differentiation marker CK20 (Supplementary Table S2 ) and to localize to the glandular-luminal surface of tumor epithelial cells (Figure 1a) . Using receiver-operating characteristic analysis, we estimated that 27% of colorectal cancers were CD133 þ (Table 1 ). This compares with earlier reports for the frequency of CD133 þ colorectal cancer as 25 8 and 15%, respectively. 27 CD133 expression was an independent prognostic indicator in this study (Table 3) , confirming the results of three previous studies in colorectal cancer. 8, 9, 27 Oct-4 expression was shown here for the first time to have independent prognostic significance, particularly in patients treated by surgery alone ( Table 3 ). The good prognosis associated with p27 expression confirms previous reports with this marker. 28 The major finding of this study was that colorectal cancers with the CD133 þ immunophenotype show resistance to 5-fluorouracil-based chemotherapy. Two separate lines of evidence were obtained in support of this. First, stage III colorectal cancer patients with CD133 þ tumors did not show any apparent survival benefit from chemotherapy (Figure 2b) , in contrast to patients with CD133-tumors ( Figure 2a ) and with all Oct-4 and Sox-2 expression subgroups (Figures 2c-f) . Second, stage IV patients with CD133 þ tumors showed significantly less clinical response to chemotherapy (29%) compared with patients with CD133-tumors (75%, Po0.006). Together, these results suggest that CD133 expression could be a clinically useful marker of chemoresistance in colorectal cancer and perhaps also in other tumor types.
Our observations in a clinical tumor series concur with recent findings from an in vitro study in which 5-fluorouracil and oxaliplatin-resistant clones of the HT29 colorectal cancer cell line showed 16-and 30-fold increases, respectively, in CD133 expression compared with non-resistant cells. 15 These results suggest that CD133 expression may be predictive for a wide range of cytotoxic agents used in cancer treatment. Indeed, several other in vitro studies have reported chemoresistance of CD133 þ ovarian cancer, 25 in addition to colorectal cancer. These findings suggest that CD133 þ subgroups from other tumor types may also be chemoresistant.
The mechanism responsible for the resistance of CD133 þ cells to conventional therapies remains to be elucidated. One area for further investigation is to define the molecular phenotype of CD133 þ colorectal cancer in terms of features such as TP53 and KRAS mutation, microsatellite instability and the CpG island methylator phenotype. Future work should also examine whether other putative cancer stem cells markers such as CD166, 35 EpCAM, 36 CD44, 15 Musashi-1, 37 Lgr5 38 or OLFM4 39 have predictive value for chemoresistance in colorectal cancer and in other tumor types. It may be that combinations of such markers will show the strongest predictive value for response to chemotherapy. The cut-off for defining CD133 þ tumors in this study was set at 10% based on the discriminating value of this threshold for prognostic significance (Table 1) . However, for optimal discrimination of predictive significance, other threshold levels may be more suitable. Exploratory investigations indicated that a 5% cut-off value for CD133 þ retained strong predictive value (results not shown).
One of the limitations of this study was the relatively small sample size, particularly for stage IV colorectal cancer cases (n ¼ 44). Another was that the use of adjuvant chemotherapy for stage III patients was not randomized, thus introducing possible confounding factors. All patient subgroups defined by cancer stem cells expression and that received chemotherapy showed better survival compared with corresponding patients treated by surgery alone, except for those with CD133 þ tumors (Figure 2) . Nevertheless, this observation requires confirmation in larger, randomized patient cohorts before CD133 expression can be used in a clinical setting.
In summary, tumor expression of the two cancer stem cells markers CD133 and Oct-4 was associated with worse survival of colorectal cancer patients. Our findings also show for the first time that CD133 þ colorectal cancer tumors are more resistant to 5-fluorouracil-based chemotherapy. Confirmation of this observation in independent colorectal cancer cohorts could lead to better targeting of conventional cytotoxic therapies toward patient subgroups that are most likely to benefit.
